INTRODUCTION
When ultrasonic pulses are used to detect flaws that are near the surface or in thinlayered structures, the natural tendency is to use a narrow pulse. A broadband pulse with a high center frequency and a large bandwidth will allow the flaw echo and interface echoes to be resolved from the front surface echo in an immersion or squirter testing situation. However, there are a number of limitations in using high frequency ultrasound. The major disadvantages are the high attenuation, hence the limited interrogation depth, and the degradation of ultrasonic scan images due to interference effects. Interference fringes can arise from minute thickness changes of the various material layers and can mask the flaw images [1] . In ultrasonic C-scans it is also important that the time gate used for interrogating a certain depth range be properly positioned and that the gate be able to follow the surface contour if the part is not flat. These problems can largely be avoided at lower frequencies, but the correspondingly poorer temporal resolution can impair the detection of near-surface flaws. It is generally accepted that there is a "dead time" associated with the front surface ringdown during which near-surface flaws are undetectable. Authors of this paper have encountered these problems in their studies of (1) foreign object detection in composite laminates, (2) dis bond and corrosion detection in adhesively bonded aircraft skins, and (3) defects in the bond between thin composite face-sheet and honeycomb core of sandwich structures.
To our knowledge little attention has been given in the literature to the utility of the front surface echo of a low frequency pulse. Low frequency here refers to the situation where the wavelength is much greater than the flaw depth or the layer thickness. We have recently discovered that C-scans based on the amplitude of the "front surface echo" (which really contains unresolved flaw echoes or reflections from multilayers) are quite useful for the detection of near-surface defects and flaws in thin-layered structures. The advantages are: (1) the amplitude of the entire RF waveform may be used for making the scans; thus eliminating the need for a time gate, (2) the low frequency pulse is capable of revealing defects deeper in the structure, such as corrosion on the second layer skin of an adhesively bonded lap splice, and (3) the scans are not sensitive to interference fringes and are reasonably tolerant to minor surface tilt or curvature. To obtain good spatial resolution in the lateral direction, a focused beam may be used. Because flaw images in a scan of the front surface echo represent small changes on a large background, their contrast is usually quite low. However, by applying histogram equalization, a capability widely available on most image processing software today, a good contrast can generally be achieved.
In this paper we shall present the results of applying the low frequency ultrasonic scan of unresolved echoes to two NDE problems: detection of foreign objects located very close to the top surface, and detection of disbonds and corrosion in adhesively bonded aluminum lap splices. Comparisons are also made with conventional C-scans using the backwall echo of a higher frequency ultrasonic pulse. A model has been developed to predict the ultrasonic response of such structures for a given input pulse. Both the composite plate containing foreign objects and the adhesively bonded lap splice are modeled as multilayered structures and their complex reflection coefficients are calculated. Steps of the model are described and the calculated results are compared with experimental signals. Details of the model will be published elsewhere.
SAMPLES: GRAPHITE-EPOXY COMPOSITES AND ALUMINUM LAP SPLICES
For foreign objects in composites, two sets of samples were used. The first set of foreign objects were 0.002" thick nylon bagging materials embedded at a depth of 1 to 4 plies in a 48-ply quasi-isotropic graphite-epoxy laminate [2] . The second set of composite samples were woven graphite-epoxy laminates and the foreign objects included nylon, polyethylene and Teflon films of a few mils thickness. The laminates were approximately 0.16" thick and the foreign objects were one to two plies down from the top surface [3] . In addition, resin rich area and release sprayed area were also examined. The aluminum lap splices consisted of 0.040" thick aluminum skins adhesively bonded together with cold bond adhesive. The bonding was made following the procedure for fabricating aircraft skin lap splices and the bonds contained a scrim cloth. The disbonds in the lap splices were induced by flexural fatigue [4] . Corrosion in the lap joints was introduced by first electrochemically corroding the skins and then making the adhesive bond [5] . The corrosion was introduced at three locations: the bottom surface of the top skin and both surfaces of the lower skin. Lap splices containing localized corrosion were also made; the localized corrosion was produced using a platinum wire electrode oriented perpendicular to the aluminum skin in the electrochemical cell [5] .
LOW FREQUENCY ULTRASONIC SCAN PROCEDURE
For defects in the composite laminates and adhesively bonded aluminum lap splices, the low frequency C-scans were made using a 1 MHz center frequency, 1" diameter, broadband transducer with a focal length of 2" in water. The sound field in the focal zone of the transducer was mapped out with a microprobe (0.010" diameter). In the transverse direction, the full width at half maximum (FWHM) was 0.1". In the axial direction the FWHM was 0.45". The transducer was oriented normal to the sample surface and driven by a Panametrics 5052PR pulser/receiver. The front surface of the specimen was positioned at the focal point. No time gating was used and the scan image was made using the overall peak-to-peak amplitude of the entire RF waveform after the mainbang. The image was then "equalized" for better contrast. It should be pointed out that in this method only the p-p amplitude was acquired and no further processing of the data was made. This allowed a faster data acquisition speed. In other methods the entire RF waveform at each location may be acquired for more extensive off-line signal processing to achieve greater detection sensitivity [6] . Scans in this study were made using both immersion and bubbler methods and the images obtained had similar quality.
EXPERIMENTAL RESULTS
A. Forei~n Objects in Composites Figure 1 shows four of the near-surface foreign objects in woven graphite-epoxy panels scanned with the low frequency method described above. The images were obtained using a 1 MHz center frequency pulse. It should be pointed out that resin rich area and release sprayed region were more difficult to detect than discrete foreign material inclusions. At 1 MHz the longitudinal wavelength in composite was about 0.12", hence, many of the foreign objects close to the top surface were also detectable from the bottom side of the 0.16" panels. The ability to detect flaws at any depth in the laminate was very desirable.
Resin rich 2 plies down
Release spray 2 plies down 0.002" Teflon 1 ply down 0.004" polyethylene 2 plies down Fig. 1 Low frequency ultrasonic scan images of four foreign objects in woven GRIEP laminates. Displayed are peak-peak amplitude of the "front surface echo" obtained with a 1 MHz, 1" diameter, 2" focus transducer. The flaw echoes were not resolved. Scan areas were 2.S"x2.S".
A systematic study was made for the detection sensitivity in terms of foreign object depth and center frequency of the ultrasonic pulse. The experiments used the quasi-isotropic composite laminate containing 0.002" thick nylon bagging materials embedded at a depth of 1 to 4 plies. The most significant observation was that the relative signal amplitude with and without the foreign object, namely, the contrast or detection sensitivity, was found to depend on a number of parameters. These included the center frequency and spectrum of the pulse and the depth of the flaw. Other parameters that would also affect the signal but were not changed in this experiment included the material properties (density and speed of sound) of the laminate, the material properties of the foreign object, the thickness of the foreign material and the total thickness of the laminate. It was observed that, depending on the frequency, the flaw could appear in the C-scan as having a greater or smaller signal amplitude than the surrounding unflawed region. Figure 2 shows C-scan images of a pair of 0.002" thick nylon bag inclusions, one measuring 1/4" square and the other 1/2" square, at a depth of two plies for three different center frequencies. These images were based on the peak-to-peak amplitude of the entire RF signal reflected from the laminate. As can be seen, the flaws can appear as a region having a greater signal amplitude (lighter gray) or a smaller signal amplitude (darker gray) than the surrounding. Such behavior was in agreement with the model prediction, as described below.
Results of the detection sensitivity study are summarized in Table 1 . The table gives a comparison of predicted and measured relative signal amplitude with and without foreign objects for 0.002" thick nylon bagging materials embedded 1 to 4 plies deep. Here a "+" sign indicates that the peak-to-peak signal amplitude with the foreign object is greater than that without the foreign object. A "-" sign represents a smaller signal with the foreign object than without it, and a "0" indicates that the two signals are almost equal. Results in Table 1 showed a qualitative agreement between the model prediction and the experiment for cases where the experimental data were available. Calculation of the signal amplitude is given in Sec. C below. --
The low frequency scan method using the unresolved echoes was also applied to the detection of disbonds and corrosion in aluminum lap splices. Figure 3 shows C-scan images of a localized corrosion area, approximately 1/2" in diameter located on the bottom surface of the second layer of an aluminum lap splice. The picture on the left was obtained using the low frequency method with a 1 MHz, 2" focus transducer. Peak-to-peak amplitude of the entire RF waveform was used in producing the image. After equalization, the contrast of the flaw image was quite good. The picture on the right was a scan of the same sample using the first backwaII echo of the bottom skin of a 15 MHz pulse. (The first backwaII echo of the bottom skin and the second backwall echo of the top skin were not resolved from each other.) As can be seen, the higher frequency scan image was complicated and the contrast of the flaw was relatively poor. Aluminum lap splices made in our laboratory were fatigue tested [4] to induce disbond. Figure 4 shows the disbonds in three samples tested to 200, 300, and 400 kilocycles, respectively. Scans were made with both the low frequency unresolved echo at 1 MHz and with the resolved echo at 15 MHz. At 15 MHz, the second backwall echo of the top skin was used in the scan. The differentiation between the bonded and disbonded areas was again better with the low frequency method.
C. Modeling of ultrasonic response
The goal for developing a model was to predict the received RF ultrasonic signal for a given input pulse. The model required as input parameters the thickness and material properties of each layer of the structure. With such a model, the signal from a composite containing a foreign object or the signal from a lap splice with corrosion-induced metal thinning can be calculated and compared with experiment. The steps of the calculation will be described for the immersion testing, but the procedure is similar for testing with bubblers.
The model began with the calculation of the complex reflection coefficient of the bottom layer situated above a water half-space. The bottom layer was then replaced with an effective solid half-space with the computed complex reflection coefficient. The reflection coefficient of the next layer above was then computed. The process was repeated until the top layer is reached. The computed reflection coefficient of the entire multilayered structure, i.e., the transfer function, depended on frequency, the thickness of each layer and the physical property (acoustic impedance) of each layer.
To compute the received signal for a given input pulse, a reference signal reflected from a flat half-space reflector was acquired. This reference signal was corrected by the reflection coefficient of the reflector, Fourier transformed into the frequency domain and convolved with the complex reflection coefficient of the multilayered system. The result was then inverse transformed back into the time domain and compared with the experimentally measured signal. Figure 5 shows an example of the model calculation for a four-layered lap splice consisting of a top layer of paint (approximately 0.0015" thick), an aluminum skin (0.040"), an adhesive bond layer (approximately 0.006" thick), and a second layer of aluminum that was corrosion-thinned to 0.030"). The solid line is the calculated signal and the dots are the experimental results. The figure shows that the model correctly predicted the received signal using the input parameters.
CONCLUSION
We have demonstrated that the "front surface echo" of a low frequency ultrasonic pulse containing unresolved flaw echoes or reverberations from multilayered structures can be quite useful in NDE. The low frequency approach has certain advantages over high frequency methods for the imaging of near-surface flaws and flaws in adhesively bonded lap splices. The behavior of the ultrasonic response was quantitatively understood and a model was developed to predict the received signals.
